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The active elements used in the amplifiers discussed here will be internally compensated operational amplifiers Manuscript received October 6, 1976; revised April 27, 1977.. 1) Of all amplifiers with dc gain K,, > 1 using only resistors, a single operational amplifier, and with output taken from the output of the operational amplifier, Circuit 1 has the largest bandwidth for a given K,.
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where GB is the gain-bandwidth product of the operational amplifier and s,, the normalized complex frequency. If more than one operational amplifier is used, they are assumed to be identical. Five voltage amplifiers along with the bandwidth of each are shown in Fig. 1 . The first four are popular configurations and the fifth is believed to be novel. Some comments will be made about these amplifiers. 2) Of all amplifiers with a dc gain K,, < -1 using only resistors, a single operational amplifier, and with output taken from the output of the operational amplifier, Circuit 2 has the largest bandwidth for a given K,.
Since d and dc have magnitudes less than or equal to unity, it follows that 3) In the class of all amplifiers with dc gain K, > 1 + fi, monotone frequency response, using only resistors and at most two operational amplifiers, and with output taken from the output of an operational amplifier, Circuit 5 has the largest bandwidth. It can be observed in Fig. 3 that Circuit 5 exhibits a significant improvement in bandwidth over the other popular multiple amplifier configurations, Circuit 3 and Circuit 4 [4], which are included for comparison with the new circuit.
Comments 1) and 2) imply that for a given dc gain K,,, all other single-operational amplifier amplifiers have bandwidth smaller than those of Circuit 1 or 2. Comment It now follows from (5) and (7) that for a circuit to attain the upper bound given in (9) it is necessary that b-51 = 1 lr2r6-r,r,l= 1 r,r,-r,r6='1/Ko h+ l/K, -r3-r4= -. 3 will now be established. VKO Fig. 2 shows the general amplifier using only two operational amplifiers and resistors and with output taken from one of the operational amplifiers.
The above model of the operational amplifiers requires that v,, = VI% and Va2 = V,,s,, .
Since the transfer function of any resistive network has magnitude < 1, it follows by superposition that
v~/02=r4vo+r5vi+r6v,
where ri E [ -1, l] for i = 1,. . . ,6. The resulting gain of the amplifier is thus K(s,)=;= r,s, + r2r6 -r5r3
e where d= r,, c = (r2r6/r5) -r,, 0: = r3r4 -r,r6, and wo/ Q =--r3 -r,.
However, the 3-dB bandwidth of the transfer function written in (5) After some lengthy algebraic manipulations, it can be shown that the only realizable solution to (10) 
It now follows from (3), (4) and Fig. 2 that Circuit 5 of Fig. 1 is a circuit that attains the upper bound set in (9). Circuit 5 can be easily tuned as follows. Pick R, and R,.
With a dc input adjust R, so that the gain is K,, then adjust R, for maximum bandwidth with no peaking of the frequency response. In Fig. 3 , the normalized bandwidths of all the circuits presented in Fig. 1 are plotted against K,,, which represents the magnitude of the overall dc gain.
The bandwidth sensitivity in Circuits 1 and 2 with respect GB is unity; whereas, in Circuits 3-5, the bandwidth sensitivity with respect to the GB of either operational amplifier is i. In particular, the active bandwidth sensitivities of the maximum bandwidth amplifier of Circuit 5 are at least as low as those of the other amplifiers shown in Fig. 1 .
III. EXPERIMENTAL RESULTS
The maximum bandwidth amplifier has been constructed using two 741-type operational amplifiers with measured gain-bandwidth products of 860 kHz? 1 percent. R, and R, were chosen to be 10.1 kQ. R, was selected for J&=3, 4, 6, 10, 40, and 100, and R, then adjusted to make the frequency response magnitude monotone. In all cases, the measured bandwidth of the amplifier exceeded the theoretical value given in Fig. 1 .
IV. CONCLUSION
An argument similar to the above can establish that in the class of single-operational amplifier configurations, Circuits 1 and 2 have the optimal bandwidth for the noninverting and inverting cases respectively. Circuit 5, which uses only four resistors and has gain determined by the ratio of two resistors, has been shown to have bandwidth greater than any other single-or two-operational amplifier noninverting amplifier with dc gain K,,, for Ka > 1 + m . The bandwidths predicted in Fig. 3 have been experimentally verified.
